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CHAPTER 1

INTRODUCTION AND OQVERVIEW

This report describes the design of the Tevatron I Project, which will
eénable Fermilab to produce proton-antiproton collisions in the Tevatron
accelerator. Center-~of-mass energies near 2 TeV, by far the highest
avallable anywhere in the world for high-energy physic¢s research until at
least the decade of the 1990's, will provide enormous opportunities for
exeiting new physies,

After the energy, the most important parameter determining the utility
of a colliding-beam facility is the luminosity, or interaction rate per
unit cross section. The first goal of the Tevatron I project is to achieve
a peak luminosity of 10%%m 2sec” ! for proton-antiproton collisions at the
maximum energy in the Tevatron.

The luminosity depends on the intensity and phase space density of the
interacting beams. The design luminosity of 103%m 2sec ! can be achieved
~with as few as 1.8 x 10'! protons and 1.8 x 10!! antiprotons of appropriate
phase space density. The number and phase-space density of antiprotons
produced by bombarding a dense target with one pulse of protons from the
Main Ring are toc small by orders of magnitude to achieve the design
luminosity. Thus it is necessary to collect many pulses of antiprotons in
an accumulator ring and to increase their phase-space density, i. e. to
cool them, by roughly six orders of magnitude. To minimize user
frustration and maximize the average 1luminosity, the accumulation time
should be as short as possible, at least short compared t¢ the luminosity
lifetime, which is expected to be larger than twenty hours. The second
goal of the project is to accumulate and c¢cool the required number of
antiprotons in five hours or less, starting with no antiprotons in the
Accumulator.

The design presented here to meet these goals is based on the method
of stochastic cooling developed by van der Meer, Thorndahl, and coworkers.:?
This method generates a non—-uniform phase~space density distribution of the
accumulated antiprotons, with only the high-density core useful ~for
colliding beams. Thus the source has been designed to accumulate a total
of 4.3 x 10'!* antiprotons in 4 hours, of which typically 1.8 x 10*?
antiprotons from the high-~density core will be injected into the Tevatron.
Subsequent accumulation cycles starting with the antiprotons left from the
previous cyecle will require considerably shorter times to achieve the
necessary core density.

The amount of cooling to be done depends on the phase-space density at
production. The higher the initial density, the easier it is to achieve
the final density. The yield of antiprotons per incident proton is
proportional to the product of the spatial solid angle and the momentum
spread accepted by the beam-transport system, and the initial phase-space
density can therefore be increased only by decreasing the spot size and



time spread of the antiprotons. The initial protons that produce the
antiprotons determine these parameters and it is therefore useful to reduce
the proton spot size and time spread.

‘The proton rms spot size will be.reduced to 0.38 mm by the use of
standard quadrupole lenses. Further reduction would provide little gain
because the apparent spot size is ultimately dominated by the large
antiproton beam divergence and the finite length of the target.? The first
collection lens must match the large angular divergence of the antiproton
beam at the target into the small angular admittance that is characteristic
of a beam-transport system or a storage ring. This is achieved by using a
lithium 1lens of the type developed by the Institute of Nuclear Physics at
Novosibirsk.?

The time spread can be minimized by rf manipulation of the proton beam
in the Main Ring Jjust prior to extraction. The narrow time spread and
large energy spread of the resulting antiproton bunches can be transformed
into bunches with a much lower energy spread by rf phase rotation in a
separate ring called the Debuncher. The rf phase-rotation system“ makes it
possible to start with a large momentum spread from the target, thereby
increasing the antiproton flux. The reduced energy spread also greatly
simplifies the design of the magnets and cooling systems of the Accumulator
ring.

The design thus uses two fixed energy rings, the Debuncher and the
Accumulator, located south of the Booster as shown in Fig. 1-1. The
Accumulator has the same circumference as the Booster; the Debuncher is
slightly larger. Both rings operate at a kinetic energy of 8 GeV, the
Booster energy. The sequence of operations leading to colliding beams
involves seven steps:

1. ggpton Acceleration for Antiproton Production. Every two seconds,
one Booster batch containing 2 x 10'* protons in 82 rf bunches is
accelerated in the Main Ring to 120 GeV and held at that energy while
the rf manipulation described in the next step is carried out.

2. Preparation of Protons for Targeting. The proton bunches at the
beginning of the 120~GeV Main Ring flattop are matched to buckets
produced by 1 MV per turn. When the rf is turned off for about 160
turns, the bunches ‘shear so that the particles of extreme momentum
spread reach a point that lies on a phase-space contour of AE =
£185 MeV for 4 MV per turn of rf.® At this time the rf is turned back
on at the U4 MV per turn level so that the sheared distribution 1is
rotated slightly more than one quarter of a synchrotron oscillation to
become a narrow distribution with energy spread AE = +185 MeV and a
width of approximately 0.7 nsec. This train of short bunches is
extracted from the Main Ring at F17 as soon as the rotation has
produced the minimum bunch width.
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3. Antiproton Production and Transport. The short proton bunches
strike a tungsten target, producing a train of 82 equally short
antiproton bunches. The peak energy deposition in the target is the
same as that used successfully at CERN. 7 x 107 8.9-GeV/c antiprotons
are collected by the lithium lens and transported to the Debuncher.
The momentum spread of the beam is 3% and the transverse beam
emittances are 207 mm-mrad in each plane.

y, Bunch Rotation in the Debuncher. The antiprotons are injected
into 53-MHz rf buckets in the Debuncher. The rf voltage is large
enough that the antiproton bunches rotate just as the proton bunches
rotated in the previous step. .After a quarter of a synchrotron
oscillation, the narrow time structure and large momentum spread ~—have
been transformed into a small momentum spread and a broad_time
. structure. The rf voltage is then rapidly lowered to match the bucket
to the rotated bunch, and finally adiabatically lowered to reduce the
momentum spread to 0.2%.

5. Transverse Cooling in the Debuncher. After the rf manipulations,
the horizontal and vertical transverse emittances are stochastically
cooled in the Debuncher from 20w mm-mrad to 7w mm-mrad during the
almost two seconds before the next antiprotons are to be injected.

6. Antiproton Accumulation and (Cooling. The antiprotons are
extracted from the Debuncher and injected into the Accumulator.
Successive batches are accumulated by rf stacking each batch at the
edge of the stack. Between injection cycles, the stack is
stochastically cooled using a combination of longitudinal and
transverse cooling systems similar to the types developed by CERN for
the AA ring.® A new batch of antiprotons with a density of about
7 antiprotons per eV is deposited at the stack tail every 2 sec. The
fresh batch is moved by the coherent force of the stochastic~cooling
system away from the injection channel and toward the center of the
stack. The atrength of the coherent force diminishes exponentially as
' the particles move away from the edge of the tail, causing the
particle density to increase. Diffusion forces resulting from the
Schottky noise of the antiproton stack and the thermal noise of the
amplifiers cause the antiprotons to migrate from the high-density
region toward the low-density region. As long as the coherent force
is greater than the diffusion forces, the stack builds up in intensity
until it reaches the core region where the coherent force is zero.
Some antiprotons are lost during transfer and rf stacking and some
diffuse away from the stack into the chamber walls. Allowing for
losses, 6 x 107 antiprotons are stacked in each pulse. In 4 hours,
the core will grow to a density of 1.0 x 10°® antiprotons per eV. The
total number of antiprotons in the core will be 4.3 x 10!!. During
this time the transverse cooling systems will have reduced the
horizontal and vertical emittances to 27 mm-mrad.
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7. Filling the Tevatron. After accumulation is complete, antiproton
bunches of the desired intensity are individually extracted from the
core, transferred to the Main Ring, accelerated to 150 GeV and
injected 1into the Tevatron. The same number of proton bunches of
similar intensity are prepared in the Main Ring and injected into the
Tevatron. Whether it is better to inject the protons or antiprotons
first will be determined empirically. Both beams are then
simultaneously accelerated to the desired energy.

Sufficient antiprotons for a luminosity of 103°m™ 2sec” ! can be produced in
4 hours by this sequence, even with reasonable losses in production,
cooling, and beam transfer. The project includes Main Ring beam overpasses
at BO and DO to allow antiproton accumulation to proceed in parallel with
colliding beams in the Tevatron. The design luminosity can be achieved
without exceeding a beam-beam tune shift of 0.0018 per crossing. As the
Tevatron and the Antiproton Source become more reliable, longer collection
times will become practical, resulting in higher luminosity.

Beam—~accumulation techniques are developing rapidly and it seems
highly advisable to design an antiproton source that can accommodate future
improvements. Accordingly, the third goal of this designh is to incorporate
flexibility for future improvements so that the Antiproton Source may
ultimately achieve a luminosity of 103cm™2sec™. The potential for
luminosity of the proposed source is exhibited in Table 1-I, which shows
the relationship between the number of accumulated antiprotons and the
luminosity. '

The peak luminosity and accumulation rate are 1limited not by the
antiproton production rate but by the cooling systems of the Accumulator
Ring. Higher luminosities may be achieved through improvements in these
cocling systems. The present design uses less than a half of the total
number of particles collected in each accumulation c¢ycle to reach its
design luminosity of 103%%m™2sec” !. If future improvements can increase the
final density by a factor of three, it will be possible to approach a
luminosity of 10%'cm 2sec”!. The design of the rings therefore includes
provisions (aperture and straight-section space) for:

(1) Momentum precooling in the Debuncher.

(ii) Improved stochastic cooling in the Accumulator.

(ii1) Improved Main Ring extraction for antiproton production.

(iv) Intermediate energy electron cooling in the Accumulator.
These features are not part of the initiai design because it is difficult
to foresee which improvements will be most feasible and cost-effective.

The most beneficial choices will be clear only after some experience in
operating the collider. ‘



The design of each system are described in greater detail in the
following sections.

TABLE 1~I LUMINOSITY PROGRESSION

Nﬁ Np Ng Ny L
(10t?) (101%) (10%1) (103%m™ 2sec-!)
0.8 0.8 1 0.8 0.65
0.6 0.6 3 1.8 1.0 (design goal)—:~
008 008 3 20u 290
1.0 1.0 3 3.0 " 3.0
6 6.0 6.0

1.0 1.0

and N_ are the numbers of antiprotons and protons per bunch, N is the
anber of Bunches. NT is the total number of antiprotons, g* = 1 m is the
value of 8 at the center of the interaction region, and L is the
luminosity. . -
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CHAPTER 2

PROTON ACCELERATION AND EXTRACTION FOR ANTIPROTON PRODUCTION

The production of antiprotons is done by bombarding a target with
protons that have been accelerated to 120 GeV in the Main Ring. This
chapter describes the acceleration of protons in the Main Ring and their
subsequent extraction at F17. .

2.1 Proton Acceleration

The accumulation cycle begins by accelerating a single Booster batch
of protons in the Main Ring to 120 GeV with the existing rf system. This
Booster batch consists of a string of 82 bunches spaced 5.6 m apart; its
total length is U457 m. A single batch fills less than one-thirteenth of
the Main Ring circumference. The Booster intensity record for a single
batch is 3.4 x 10'2, For the purpose of this report, it is assumed that an
intensity 2.0 x 10'2 protons per Booster batch will be standard operating
intensity for p production. The minimum time needed to accelerate a single
batch to 120 GeV in the Main Ring can be reduced to 1.87 seconds. A
flat-top of 0.13 sec is added to provide time for the rf beam manipulation
before extraction. The cycle time is 2 seconds. The major beam properties
are given in Table 2-I.

TABLE 2-1 MAIN RING BEAM PARAMETERS

Proton Beam Kinetic Energy € Extraction 120 GeV
Relativistic Factors: B 0.99997
Y 128.9318

Bp, magnetic rigidity
Momentum, p

4035.506 kG-m
120.9347 GeV/c

Number of Booster batches accelerated 1

Number of Proton Bunches 82

Total number of protons per Batch 2.0 x 102
Main Ring Cycle Time 2.0 sec
Betatron Emittance, 95% of beam, (H and V) 0.2 7 mm-mrad
Longitudinal Emittance, 95% of beam at 120 GeV 0.3 eV-sec
RF harmonic number (h) 1113

RF Frequency @ 120 GeV 53.1035 Mhz
Revolution Period @ 120 GeV 20.96 psec
Booster Batch Time Length 1.56 usec
Transition Energy (Y, ) 18.75
Betatron ,tune number (H and V) 19.4

n = Y - Y -0.0028
Maximum RF voltage 4.0 MV
Average Radius 1000 m



A reasonable estimate for the normalized betatron emittance, based on
measurements,' is 24w mm-mrad. This value includes 95% of the beam. If

Oy, y denotes the rms beam size and B, y the lattice amplitude function, the
emigtance can be expressed in terms of these quantities as

BV

€q,v = 67 Ty

The longitudinal phase-space area S8 of individual bunches in a Booster
batch has been measured to be 0.3 eV-sec or 1less.? If the particle
distribution is biGaussian in these variables, this value includes 95% of
the beam. There is reason to believe this number can be reduced to
<0.2 eV-sec in the future when improvements are made to the Main Ring and
the Booster rf asystems.

For energies well above the transition energy, a bunch area S half as
large as the bucket area, and a bunch shape matched to the rf bucket, the

rms bunch length o, and rms momentum spread op/p are

' S
o = (142cm), o./p = (0.0112 i
® \/Nf . P \& ;/v

The bunch area can be expressed in terms of these quantities as

Y a
S = 6mE — £ .,
e p

The bucket area of a staticnary bucket B and the phase-ogcillation period
T4 are respectively

B = (0.34 eV-sec) /VE Ts = (1msec) E/V .

In all these equations E is in GeV, V in MV and S in eV-sec.

For a fixed antiproton momentum spread, the bunch area of the
antiprotons is minimized by making the time spread of the extracted proton
bunches as narrow as possible. At the end of acceleration when the rf
voltage is 4 MV the relevant beam parameters are T_ = 5.6 msec, o, = 16 cm,
‘5/p = 2.4 x 10”* for a longitudinal emittance of 8.3 eV-sec. e



The rf voltage is quickly turned off from its normal flattop value of
1 MV per turn for 2.9 msec (e, = 0.3 eV-sec value) so that the bunch shears
to the extent required for a subsequent rotation. The rf voltage 1is then
turned on quickly to rotate the sheared distribution. Both the turning off
and the turning on are accomplished in about 40 uysec. After 1.6 msec, the
distribution has rotated to its narrowest projection. At that moment the
phase-oscillation period T_ = 5.6 msec, 0y = 6.8 cm, and o./p = 6.8 x 10 .
After these operations ﬁave been completed, a momentam spread of 0.3%
contains 95% of the beam. The bunch-narrowing process 1is illustrated in
Figure 2-1.

The results of recent bunch-narrowing experiments in the Main Ring at
120 GeV, March 1982,2 are shown in Fig. 2-2. In these experiments the
maximum rf voltage was limited to 3.6 MV. Shorter bunches can be obtained
by using the full available 4 MV.

Measurements made in the Main Ring® have shown that the available
momentum aperture is 0.27% for 90% beam transmission at 120 GeV with
extraction equipment for the Tevatron in place. The loss of beam due to
the 0.4% momentum spread is expected to be small, since very little of the
beam will extend into the bad-field region of the aperture. As soon as the
bunch rotation is complete, all 82 bunches are ejected at F17 into the
120-GeV transport line.

‘ 2.2 Extraction at F17

The dynamics of the process of proton extraction for p production is
relatively straightforward. The proton energy at extraction will be in the
range of 120 to 150 GeV (although for all the calculations discussed below,
149 GeV .has been assumed.) A new kicker at E17 is energized to produce
coherent betatron oscillations, which result in a beam displacement of
roughly -42 mm at F17.

The kicker magnet will be a copy of the present 75-in. Main Ring abort
kicker, which is a lumped inductance system with a tape-wound core. The
necessary kick angle of approximately 450 wprad 1is expected to require
approximately 5 kA. The half-sine-wave current pulse will have a risetime
of approximately 15 usec and a flat-top uniformity of +.2% during the beam
pulse. The kicker action is sufficient to cross the magnetic septum of a
Lambertson placed at F17. Prior to extraction, the closed orbit between
D38 and F14 is modified by energizing small dipoles at these locations (an
existing magnet at D38 and a new one at F14.) The resulting orbit bumps
are roughly out of phase with the kicker coherent oscillation, and serve to
minimize excursions from the nominal Main Ring center until F17.
Additional steering of the circulating beam horizontal position (of up to
13 mm) at F17 is provided by the F14 dipole and another new one at F19.
The F14-F19 bump could be used to keep the accelerated beam away from the
septum during acceleration, if necessary, and turned off as the D38-F1i
pair is energized to prepare for extraction.
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a) Bunch broadening. Time progresses
downward, and total debunching time
is 100 ms. The final bunch length:
is about 9 ns.

Rotation of mismatched buﬁch following
sudden increase of the RF voltage to -
1 MV. Time progresses downward, and
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TV T b — - _
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Bunch lengths near the time of narrowest
bunches. Traces are taken at the beam
rotation frequency, every 20.9 us. The
bunch pickup is a broadband transmission
line, so inverted reflections from the
downstream end of the pickup also appear
In this experiment the maximum RF voltag:
was 3.6 MV. Narrower bunches would be
‘~btained with nominal 4 MV. A bunch wit]
a 95Z full time width of 1 ns has 2 leng:
of 7.5 cm rms.

Figure 2-2 Debunching and Bunch Rotation.
Time base is 20 ms per major division.



2=y

The extraction channel is formed by two 162-in. Lambertsons, followed
by two 118.4-in, C-magnets. The extraction magnets Kkick the beam
vertically up by 32.6 mrad, which is sufficient to allow the extracted beam
to pass above the next Main Ring dipole. The total vertical distance above
Main Ring center at the end of the extraction c¢hannel is 9.7 in. The
Lambertsons operate at approximately 10.6 kG and the C-magnets at 12.7 kG.
The extraction magnets will be excited in series by a resonant LC pulser
resulting in one c¢ycle of a sine~wave of period 70 msec and peak amplitude
3000 A. '

To make room for the system, the Main Ring B2's at slots F17-4 and
F17-5 are replaced with a modified B2, which has twice the number of turns,
and which is run in series with the rest of the Main Ring. Additional
components of the system are a horizontal trim magnet located 140 in.
downstream from the second C-magnet and a trim magnet located after the new
B2. The first trim is intended to compensate for the difference in angle
at F17 between the extracted and injected beams. The second ¢trim
compensates for small field differences between the modified B2 and the
original standard B2's. The layout of the system i{s shown in Fig. 2-3.

The following calculations have been done for a momentum of 150 GeV/c,
using a normalized emittance of 25 7 mm-mrad, and a momentum spread of
10.2%. '

Figure 2-4 shows the closed orbit with the D38, F1hipair; Figure 2-5
shows the D38, F14 bumps plus the extraction orbit produced by adding the
E17 kicker.

Figure 2-6 shows the region near F17 in detail, indicating both the
circulating and kicked beam envelopes. Note that the extracted beam
explores nearly the full inner 1limit of the physical aperture of the
dipoles and quad upstream of F17. The residual angle of 0.8 mrad of the
extracted beam at the entrance to the first Lambertson 1s taken out by
rolling the magnet by 5.2 deg (see dotted line.)

Figures 2-7, 2-8 and 2-9 show the beam spot(s) at the F17-1 quad, the
Lambertsons and the C-magnets; both the circulating and the extracted beams
are shown. 1In the figures, the dotted line indicates the beam spot when
the F14-F19 pair is energized to its nominal value (13 mm offset.) In Fig.
2-8 the beam in the extraction channel is shown at the entrance of the
first and exit of the second Lambertson. Fig. 2-9, shows the -beam
envelopes at the entrance and exit to the C-magnets, as well as the
circulating beam. The C-magnets are pitched at roughly 1.2 deg vertically,
so that the beam exits near the middle of the downstream aperture. '

The residual field in the field-free region of the Lambertson is
estimated to be 30 G at 150 GeV. The fields below the C-magnet, in the
region of the circulating beam, are roughly a few tenths of a Gauss at 8
GeV, rising to less than 80 G at 150 GeV. It is planned to further
suppress these by using a magnetically shielded beam pipe in this area.
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Transport of the 120-GeV protons to the target 1is discussed in
Sec. 11.1.
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CHAPTER 3

ANTIPROTON PRODUCTION

3.1 Antiproton Yields and Targeting

The choice 8f the antiproton energy and that of the protons for their
production depend on the production cross sections and practical
considerations relative to the existing facilities at the Laboratory. This
section describes the present targeting scenario for the production of
antiprotons, based on the discussion of the three following topics:

1. details of the production cross sections obtained from existing
experimental data;

2. the choice of primary proton energy, antiproton momentum,
antiproton 1longitudinal acceptance and antiproton transverse
acceptance; and

3. limitations introduced by targeting and the antiproton collection
system.

3.1.1 Antiproton Production Cross Sections. The available experimental

data on the cross sections for the production of antiprotons have been

described by a phenomenclogical formula that includes the dependence on the

incident proton energy, the antiproton momentum and the target nucleus.?!

For example, the yields of antiprotons from a tungsten  target collected

within a laboratory angle of 60 mrad for various proton energies are shown.
in Fig. 3-1. 1t can be seen that there is a plateau at 120 GeV for the

production of antiprotons between 8 and 13 GeV/c.

3.1.2 Proton Energy. The yield of antiprotons per unit volume of phase
space per unit time changes very slowly with proton energy above 150 GeV,
when the Main Ring cycle time is taken into consideration. Although some
gain in yield could be obtained by going to a higher energy, a proton
energy of 120 GeV was chosen because it is the maximum energy that can be
extracted from a medium straight section such as F17. F17 provides a
convenient location for the Antiproton Scurce, The choice was also
influenced by the rapid increase in operating cost as the energy of the
Main Ring is increased. The energy of 120 GeV is also compatible with the
Colliding Beams Detector overpass. The BO overpass is described in Chapter
3.1.3 Antiproton Momentum. The optimum antiproton momentum is 10.0 GeV/c
for an incident proton energy of 120 GeV. The yield is more than 90% of
the optimum yield throughout the range from 7.5 GeV/c to 13.0 GeV/c. Since
the normal injection momentum of the Main Ring, 8.89 GeV/c, is within this
range of momenta, it is a reasonable choice. It has the advantage of
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permitting the transfer of antiprotons directly from the Accumulator to the
Main Ring. In addition, it opens the possibility of utilizing protons
directly from the Booster as an alternative source of particles during
commissioning of the source. ‘

3.1.4 Antiprotdh‘Longitudinal Acceptance. Stochastic— cooling performance
depends critically on the flux of p's injected into the Accumulator and on
the particle density per unit of energy spread. This density, which is
inversely proportional to the longitudinal emittance of the antiprotons, is
determined in part by the time spread of the p's at production, as
discussed in Chapter 2. '

- In the Debuncher, a total momentum spread of approximately 3% can be
reduced to a momentum spread that can be accommodated by the Accumulator.
Although a larger momentum spread will result in a larger flux the
Accumulator is not able to cool the larger flux. The p collection and
transport system is designed to accept 4% total momentum spread. The
momentum spread of the p's transported to the Debuncher will be adjusted by
collimation in the beam transport.

3.1.5 Antiproton Transverse Acceptance. The calculation of expected
antiproton yields depends crucially on the collection system downstream of
the target. A comparison of different collection systems has been
performed?, taking into account the large momentum spread of the antiproton
beam. The .advantages of a device such as the lithium lens that was
developed at the INP in Novosibirsk?® are clear. It has a very short focal
- length - -.and it focuses in both transverse planes. Based on the INP
experience, the parameters of the lithium lens collector were chosen to be:
Radius = 1 ocm, Gradient = 1000 T/m, Length = 15 cm. Within the present
technology developed at Novosibirsk, a repetition rate of 1 Hz is feasible.
The lens has a focal distance of 14.5 cm. The short focal distance
requires the use of a dense target.

Antiprotons yields have been calculated with a Monte Carlo program!
that includes the phenomenclogical description of the production cross
section, the development of hadronic showers in the target and p production
by secondaries, multiple scattering and absorption. The result of these
calculations is shown in Fig. 3~2 for two different rms proton beam spot
sizes, o = = 0,038 cm and aﬁ- =0,22 cm. The number of antiprotons
increases” approximately linearly with the transverse acceptance above 207
mm-mrad for ¢=0.038 cm. For the smaller beam size, the departure from
linearity above 207 mm-mrad is caused by the finite lithium lens radius and
the variation of field gradient. The optimum target length is
approximately 5 cm.

3.1.6 Targeting Limitations. Decreasing the proton beam size at the
target increases the transverse phase~space density of the produced
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antiprotons, resulting in a larger yield within a given acceptance. The
diameter of the proton beam cannot be reduced arbitrarily because the
energy deposited by the beam per unit volume increases as the beam area
decreases, causing the target to overheat.

The subject of high energy density deposition in targets was the
subject of a Ferflilab Workshop®. It was generally agreed that metal targets
can sustain energy density deposition up to 200 Joules gm before the
apparent onset of shock waves that could result in the destruction of the
target. Calculations indicate that the CERN Antiproton Accumulator  target
sustains a maximum energy deposition of approximately 185 Joules/gm for
tungsten. Both copper and rhenium (instead of tungsten) have been used at
CERN for some time with no failures. The energy density deposited by a
120~GeV proton beam in tungsten has been calculated using the program
MAXIM*., The maximum energy density deposited within a 5-cm long target is
.shown in Fig. 3-3 versus the rms size of the proton beam, o¢. Within the
errors of the calculation, it varies as ¢ 2. Also shown is the maximum
number of protons per pulse vs rms beam size, under the condition that the
maximum allowable energy density is 200 Joules/gm.

Table 3-I shows the expected number of antiprotons per pulse as a
function of beam size and maximum permissible proton intensity.

A feasibility study was carried out® on sweeping the proton beam
across the target to decrease the energy density deposited in the material.
The antiproton acceptance must be simultaneously swept to track the proton
beam spot. If the sweeping covers several proton-beam diameters, it is
possible to target 3 x 10!2? protons on beam spots corresponding to 8 < 3 m,
which will give an increased number of antiprotons accepted per proton.
The design of the farget area mak2s 1t possible to incorporate a
beam~sweeping system in the future.

TABLE 3~I NUMBER OF ANTIPROTONS PER PULSE

B*(m)* 0,0 (em) Np(Max) E/pH p/pulse
1.55 0.023 6.0x101? 5.1x10_8 3.1x107
3.07 0.032 1.2x10*2 4.3%10” % 5.2x107
4,62 0.039 1.8x1012 3.7x10° 5 6.7x107
8.00 0.052 3.0x10%2 2.5x10° ¢ 7.5x107

Notes: + B* is for the proton beam at the center of the target
(B ?By-B*)

i The yield in p/proton is for 3% 4p/p and 207 mm-mrad.
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3.2 Antiproton Target System Components

The principal components of the target system are the target itself
and the antiproton collection device. This section discusses the design

and limitations of these two components.
-

3.2.1 Antiproton Production Target The computer code MAXIM" has been used
to calculate radial and longitudinal energy density distributions in a
stationary tungsten target for an rms beam size of 0.038 ecm. The results
are plotted in Fig. 3-4. The temperature rise of tungsten corresponding to
an energy deposition in Joules/gm may be estimated from the enthalpy
reserve curve given in Fig. 3-5. As is shown in Fig. 3-4, it is expected
that local peak energy densities will be approximately 200 Joules/gm for
.the present design parameters 0=.038 cm and 2x10!2 protons per pulse. To
decrease the number of thermal and stress cycles in the volume of material
struck by the beam, the target will be rotated continuously, exposing a new
volume of material to each beam pulse. Two possible configurations are
shown in Figs. 3-6 and 3-7. During the target development stage the wedges
shown in Fig. 3-6 will contain different materials to allow for comparative
testing. Provision is also being made to test stationary targets of the
CERN design.

The target must have a high density and high melting point. A
compilation of mechanical properties for different materials was performed.
A figure of merit to compare the mechanical properties is given by the
yield stress divided by the coefficient of thermal expansion and the
modulus of elasticity. On this basis rhenium, tungsten and
tungsten-rhenium alloys are in increasing order for this figure of merit.
The coefficient of heat conductivity could also be included in the figure
of merit without significantly altering the choice of material.

The high-temperature behavior of tungsten-rhenium alloys shows
considerable increase of yield stresses with respect to tungsten, but
little change in the coefficient of thermal expansion or the modulus of
elasticity. Tungsten~-rhenium alloys are utilized in industry for
high-temperature applications such as incandescent-lamp wire and targets
for high-power x-ray tubes. A significant amount of experience with the
technology for their fabrication exists. Tungsten has been used for all p
yield calculations, although a number of target configurations will be
tested during the R & D phase of the target~station development. A summary
of the target parameters is given in Table 3-II.

TABLE 3-II TARGET PARAMETERS

Target Material Tungsten/Tungsten Alloys
Length 5 em

120 GeV protons/pulse 2.0x1012

Total Beam Energy 3.46x10" Joules

Repetition Rate 0.5 Hz
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Beam Pulse Duration 1.6x10" % sec .
Energy Deposited/proton 1.26 GeV (1.81x107!° Joules)
Energy Deposited/pulse 346 Joules
Power Deposited 173 Watts
Average Temperature 100°C
Beam Size(ax= ) 0.038 cm
Peak Energy Dngity/proton 13.4 GeV/cm?®
Peak Energy Density/pulse 200.0 Joules/gm
Peak Temperature Rise <1500.0°C
CERN
Peak Energy Density” >185 Joules/gm
Peak Temperature Rise 1500°C
Average Temperature 800¢C

+This rhenium target has been used for some time with no failures.

3.2.2 Antiproton Collection; the Lithium Lens. A study has been made of
the relative merits of p collection schemes that utilize a lithium lens, a
pulsed quadrupole multiplet, or a conventional quadrupole triplet.? Since
it was found that the lithium lens is far more efficient for the collection
of D's, this section concentrates on the lens. The other options that are
discussed will be pursued if the lens development lags. )

The basic physical principle of the lithium lens is that a uniformly
distributed electric current in a cylindrical conductor produces an
azimuthal magnetic field with a constant radial gradient. Charged beam
particles traversing the length of such a conductor experience a force that
focuses them toward the axis. Lithium is an appropriate material for such
a focusing device because it is the least-dense solid conductor, thereby
minimizing p absorption and multiple scattering.?. The 1lens _ under .
development uses a 15~cm long lithium cylinder of radius 1 cm and requires
a current of 0.5 MA to produce the desired gradient of 1000 T/m. Joule
heating caused by direct current in the lithium is prohibitively large, so
a 0.6 msec full-width unipolar sine-like pulse of amplitude 0.5 MA will be
applied every 2 sec. Each pulse will generate about 6000 Joules of heat
and the problem of removing this heat dominates the mechanical design of
the lens. It is desirable to keep the average temperature well below the
180°C melting point of lithium because the 1.5% volume expansion that
occurs upon melting could shorten the lifetime of the lens. The magnetic
induction H created by the pulsed current does not have a constant radial
gradient, due to the skin effect. Fig. 3-8 shows the variation of H/Hmax
during one pulse.’

Energy deposition in a lithium lens located 14.5 cm (one focal length)
downstream of a 5-cm tungsten target was calculated using the program
MAXIM. Contributions from secondaries emerging from the target as well as
from non-~interacting 120 GeV protons were included. The heating due to the
beam was found to be small compared to Joule heating.®
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In case the lithium-lens development lags, linear and non-linear horns
of the types developed for the CERN AA ring could be utilized. To optimize
the p rate, they require significantly longer targets. Preliminary results
indicate that horns would not provide as good a collection efficiency as
the proposed lithium lens at our p energy. The larger currents required
for the 8.89 GeV/c p's, as compared with 3.5 GeV/c at CERN, may make the
horn construction very difficult. Another option would be to install a
5Q36 triplet.? This would 1limit the p production system to small momentum
spreads and emittances, but could be useful in the early stages of running.

3.2.3 Antiproton Selection. Downstream of the lithium lens, a pulsed
dipole magnet will be used to select negative particles of energies near 8
GeV. Particles not selected, the remnants of the 120 GeV proton beam and
.. other interaction products, continue towards the beam dump. The 8 GeV
antiprotons pass through a channel in the beam dump and then into the
transport line to the debuncher ring.

The pulsed magnet will be a dipole powered by a capacitive discharge
supply similiar to that of the lithium lens. The current pulse will be a
half sine wave with « = 1200 hz. The magnet aperture will be 3 x 3 cm, and
the field integral will be 1.55 Tesla-meter. This will provide a 3° bend
in the antiproton beam.

3.3 Target Hall

The antiproton production target, proton beam dump and the 1lithium
lens for antiproton collection will be located in a vault downstream of the
final quadrupole focusing system -in the 120-GeV proton line. The
dimensions of this vault are planned to be 7 ft by 33 ft with the floor
located at 17 £t below grade, as shown in Fig. 3-9a, and 3-9b.

The upstream end of the hall is separated from the proton-beam
transport tunnel by 3 ft of steel shielding. Further shielding is placed
around the external walls of the vault in the earth. Below the vault two
separate impermeable membranes are used to collect irradiated ground water.
Shielding configurations that limit the irradiations of the soll and the
above~ground fluxes to permissible values have been designed to allow
operation at an intensity of 10! ? protons per second.

Downstream of the upstream end of the shield, within the target vault,
a 3 ft high by 8 ft long and 2 ft wide volume of space is available for
components. The space between this volume and the concrete walls and
-floors of the vault is filled with steel shielding. Access to the target
station components is accomplished by raising one of a set of solid steel
elevators into the Target Service Building. Each elevator segment extends
10 in. along the beam direction and 24 in. transverse toc the beam. Each
is 7 ft long in the vertical direction. The components are suspended from
the bottom of the elevator. The 7 ft length makes it possible to place
electronics and control systems immediately above each elevator segment
- without danger of radiation damage. An additional 3 ft of concrete is
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required to Kkeep the above-ground radiation 1levels within the Target
Service Building below the maximum permissible level. Within the Target
Service Building and surrounding the vault, a shielded area incorporating
thick windows will be used to exchange elevator segments remotely. Work
will be performed on components with remote manipulators. The manipulators
will be used to exchange targets routinely. Access to the electronics at
the top of the elevator segments will be possible when beam is not being
delivered to the target station.

The last component in the beam before the dump is a pulsed magnet to
bend the p's to the right by 3°, in order to separate them from the
protons. The dump is a water-cooled graphite core 6 ft long surrounded by
a steel jacket which fills the inside of the vault. The steel extends for
22 ft along the proton beam. The construction i{s similar to the dump
developed for the Tevatron abort system. z

Transport of the 8-GeV antiprotons to the Debuncher is discussed in
Sec. 11.2. -
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CHAPTER 4

DEBUNCHER RING

4.1 Purpose of the Debuncher

The primary purpose of the Debuncher is to reduce the large momentum
spread of the 8-GeV p beam at production to 0.2% or less prior to injection
into the Accumulator. This reduction is done by rf bunch rotation and
adiabatic debunching after the p beam is injected into stationary 53-MHz
buckets in the Debuncher. The debunching time is only slightly longer than
10 msec, and there are therefore nearly two seconds available for cooling
before the beam is transferred to the Accumulator. Stochastic cooling of
betatron amplitudes has been shown to be feasible, and a betatron cooling
system to reduce the emittance by a factor of 3 in both planes in 2 sec is
included in the design.

A possible addition that is still being examined is a fast momentum
stochastic precooling step to reduce even further the momentum spread by a
factor of 2 or possibly 3, in 2 sec.

Table 4~I gives parameters of the Debuncher.

TABLE 4-I THE DEBUNCHER RING

Kinetic Energy 8.0 GeV
Yi. transition enersgy 7.6482
n=1/Y 2 - 1/v2 0.00608
Average Radius 80.42 m
RF Frequency 53.103 MHz
Maximum rf voltage 5 MV
Number of p bunches injected 80
Harmonic number 90
Beam Gap for Injection Kicker 200 nsec
Momentum Aperture, Ap/p 42
Betatron Acceptance, h and v 20 v mm-mrad
Betatron Tunes, h and v 9.75
Natural Chromaticity, h and v -10
Periodicity 3, each with mirror symmetry
Max amplitude function g 20 m
Max dispersion value 2.1 m
Phase Advance per Cell, h and v 60°

4,2 Requirements of the Design

As shown in Fig. 4-1, the Debuncher ring surrounds the Accumulator.
Because of the triangular shape of the latter, a periodicity of three was
chosen for the Debuncher, each period with mirror symmetry.
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The Debuncher operates at a kinetic energy of 8 GeV. Its
eircumference must be at least as long as each antiproton pulse, made of 80
narrow bunches with a separation frequency of 53.1 MHz. The circumference
was chosen to be 505 m, which corresponds to an rf harmonic number of 90.
This arrangement allows a separation of 12 ft between the Debuncher and the
Accumulator in the long straight sections so that these portions of the two
rings can be accommodated in the same wide tunnel.

Each superperiod includes a long straight section. These accommodate:
(1) injection, (ii) extraction, (iii) rf cavities for the bunch rotation,
(iv) pickups and kickers for stochastic cooling. The phase advance between
pickups and kickers should be an integer number of betatron waves 50°,
This gives only a few possible choices for betatron tunes, which we take to
be appréximately the same in the two planes. The value 9.75 was finally
chosen. .

Another requirement is that the three long straight sections must have
zero dispersion, an important requirement for the performance of stochastic
cooling and for aveiding betatron-synchrotron coupling.

Finally the Debuncher is capable of accepting a momentum spread of 2%
and has a betatron acceptance of at least 207 mm-mrad in both planes.

4.3 Choice of Transition Energy

The most important parameter in the design of the Debuncher is the
dispersion

=1 /Y; - 1/v*

where Y is the relativistic energy- factor and 1£ corresponds to the
transition energy. The rf voltage needed for Dbunch rotation is
proportional to |n|. If |n| is less than 0.002, the variation of n with
momentum will degrade the final momentum spread. On the other hand, a
larger value of |n| helps betatron cooling and is needed if momentum
precooling is to be done in the future. We have reached a compromise by
setting n=0.006, which corresponds to‘Tb-7.65, a solution which gives v
approximately 9.75. This choice corresponds to operating the Debuncﬁér
Ring above the transition energy.

We could also have chosen to operate below the transition energy
(larger value of Y_) because only the absolute value of n enters. We
considered this possigility at the beginning of the design, but rejected it
for the following reasons. A larger value of Y_, and therefore of the
strength of the lattice focusing, is desirable DBecause it makes the
dispersion and betatron amplitude functions small, which would also make
the physical aperture of the magnets smaller. But larger values of VY,
would also lead to an unfortunately large natural chromaticity. To correc
this, too much sextupole correction was required considering the smaller
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dispersion around the ring. To eliminate problems intrinsic to sextupoles
and chromaticity, we had to decrease the focusing of the ring to the
present value of Y _=7.65. When this was done, the dispersion of the ring
doubled, but we could still manage to achieve the required momentum and
betatron acceptance with reasonably small-aperture magnets.

With this choice of n, one still requires 5 MV peak rf voltage at 53
MHz for bunch rotation.

4.4 Lattice

We have opted for a smooth lattice to help stability of the ring
against sextupoles and chromatic effects. The ring is divided into 57 FODO
cells, each with a phase advance of 60° in each plane. One half a
superperiod is shown in Fig. 4-2 with beta—- and dispersion-function plots.
In the curved sections of the ring, the cells are regular; bending magnets
are placed exactly halfway between quads. The long straight sections are
made of 6 cells, each without bending magnets. A "dispersion~killer" cell
is located at each end of the long straight section. Zero dispersion is
achieved by eliminating the two bending magnets Jjust before the last
regular cell. A regular cell is shown in Fig. 4-3.

Two fortunate features are obtained with this lattice: (i) the beta
functions never exceed 20 m in either plane. This makes the beam size in
the long straight sections small enough to fit in the aperture of
stochastice~cooling pickups and kickers, which have a gap between plates of
30 mm (suitable for 2-4 GHz bandwidth). (ii) The chromaticity of the ring
is reduced to a minimum of -10. In an earlier design, each long straight
section was made of three consecutive low-beta insertions. To do this,
four quadrupole triplets were required to provide room for
stochastic-cooling devices, rf cavities and injection and extraction
equipment. It has been found that these triplets added substantially to
the natural chromaticity and it was therefore decided to bridge the 1long
straight sections with regular FODO cells.

The beam envelope is shown in Fig. 4-U for half of a superperiod. It
corresponds to a momentum spread of 3% and an emittance of 20w mm-mrad in
both planes.

4.5 Magnets

There 1s only one kind of dipole in the design. The dipoles are 1.66
m long (effective length), have a full gap of 6 cm and have a strength of
17T kG. There are three kinds of quadrupoles. The dipole and quadrupoles
are described in Table 4-II. There 1is one Kkind of sextupole. The
sextupoles are discussed in Sec. 4.7.
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TABLE 4-II DEBUNCHER MAGNETS

Effective Gap or
Number Length Strength Poletip Radius
Dipoles: ‘ ’
B 66 1.6604 m 1.7TT .66 mm

Quadrupoles:
I, QF, QD

QF1, QD1 102 27.6 in. 12 T/m 4.5 mm

QF2, QD2
II. QF3, QD3

small aperture 9 32.6 in. 10.5 T/m 44.5 mm
ITI. QF3,QD3

large aperture 3 32.6 in. 10.5 T/m 84.1 mm

There are two effective quadrupole lengths: 27.6 in. and 32.6 in. The
longer quadrupoles are located in pairs at both ends of each long straight
section as shown in Fig. 4-5 which shows a long straight section with the
neighboring regular cells. All the other quadrupoles are shorter. All
quadrupoles have the same aperture, with a poletip radius of 44.5 mm,
except for three special ones that have a poletip radius of 84.1 mm. These
quadrupoles are marked with an L -in Fig. 4-1 and are also used in
conjunction with beam transfer from and to several directions. The maximum
gradient required is 12 T/m and somewhat less for the 1large aperture
quadrupoles. The total magnet power to operate the ring at 8 GeV is 1.1
MW .

A detailed set of specifications for the magnets is given in Chapter
12, '

4,6 Tuning

A nominal tuning mode has been worked out with betatron numbers
Vy=9.73 and vy=9.77. To obtain this, the regular cells have exactly 60°
phase advance in both planes to give zero dispersion in the 1long straight
sections. The quadrupoles in the long straight sections have been adjusted
to get the required tune values with proper matching at the transition
between the curved and straight sections. A waist is intrcduced in the
middle of each long straight section and curved sector. The settings for
all the magnets are given in Table 4-III for the nominal tune.
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TABLE 4-III MAGNET SETTING FOR THE TUNING MODE: W=9.73, v =9.77

B=1.7T
Bp = 29.6501 T-m

Quadrupoles B,/Bp Current Voltage
QF 0.33652 m 2 240 A 9.7 V
QD 0.32928 235 9.5
QF1 0.37747 270 10.9
QD1 0.34714 248 10.0
QF2 0.35881 256 10.3
QD2 : 0.38679 276 11.1
QF3 1large 0.32494 1313 10.5
QD3 aperture 0.32U459 1311 10.5
QF3 small 0.32494 232 10.4
QD3 aperture 0.32459 232 10.4

To achieve other betatron tune values, the strength of the regular
quadrupoles QF and QD in the bending section is left unchanged, so that the
phase advance/cell will remain 60°. With this mode of operation, the
"dispersion killer" 'is always effective and the dispersion in the long
straight section is always cancelled. To change the betatron tune, only
the strengths of the six quadrupoles QF1, QD1, QF2, QD2, QF3 and QD3 in the
long straight sections are varied. The search for the quadrupole setting
is done by imposing the condition of matching between the long straight
sections and the curved sections and of waists in the middle of both -of
them. It is possible to vary both tunes over the range from 9.5 to 10.0 by
keeping them equal. The variation of B,/Bp for each quad 1s shown in
Fig. 4=6. The transition energy remains unchanged in this range. The
variation of &, and B!’ the maximum values of the horizontal and vertical
beta functions 1in the space occupied by the pickups and kickers for the
stochastic cooling, is given in Fig. 4~T7. In the same figure, we give the
variations of the natural horizontal and vertical chromaticities.

4.7 Sextupoles

Sextupoles are located next to each quadrupole, usually on both sides,
as shown 1in Fig. 4-2. They are divided in two groups: those next to the
horizontally focusing quads (SF) and those next to the vertically focusing
quads (SD). The main purpose of these sextupoles is to correct and adjust
the natural chromaticity of the ring. They are therefore elements of
primary importance and are on an equal footing with the dipoles and
quadrupoles. They are not intended to correct magnet errors and
imperfections.

Their strength has been calculated with PATRIS, a particle tracking
code that is a heavily modified version of PATRICIA suitable for protons.
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The thin-lens approximation has been used. The sextupole strength given in
Table U4~IV corresponds to zero chromaticity. The lattice variations with
momentum have then been calculated with SYNCH. The results are shown in
Fig. 4-8, which gives the variation of the betatron tunes with momentum,
Fig. 4-9, which gives the change of ap1/Yt2, the momentum compaction
factor, and Fig. 4-~10 which gives » By and versus Ap/p at the
downstream end of the injection kicker. "Figure 4-11 gives the tune diagram
with the working point for the refer